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ABSTRACT

LASER ABLATION OF SIT ICON SURFACES
THE EFFECTS OF A LOW LEVEL BACKGROUND LIGHT

by
Taposh Kumar Gayen

The performance of high speed optoelectronic and microelectronic devices
largely depends on the uniqueness and development of the fabrication technology.
Laser ablation has proven to be an effective three dimensional surface patterning
technology. In this thesis, we present findings on the patterning of semiconductor
surfaces using laser ablation in air as well as in solutions.
In this thesis, we suggest that the depth of a pattern induced on silicon by
firing a pulsed excimer laser in air varies almost linearly with the number of pulses. We
report that a He-Ne laser as a background light source has virtually little or no effect
on the etching rate. We also suggest that a background light enhances the etching
process induced by the excimer laser in wet chemical etching when using a thin-film cell
configuration. Pattern depth profiles have been measured by scanning electron
microscopy (SEM). We verify our SEM findings by using a light diffraction
measurement technique. Finally, we report on the effect of patterning on the electrical
properties of metal-semiconductor contacts. Schottky barriers measured for grooved
surface showed, in general, a decrease in the barrier height.
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CHAPTER 1
INTRODUCTION

Laser ablation and laser chemical processing of materials have received much
attention in recent years. In any laser processing, unique properties-high spatial and
temporal coherence- of a laser manifest themselves as a set of related parameters
(spatial profile, temporal profile, power density, wave length, coherence length,
optical bandwidth) that determine the nature of interaction of the laser with the rest
of the system [1]. The excimer laser, due to its high power and multiple available
wavelengths in the ultraviolet region, has made itself an excellent tool for the
fabrication and processing of materials.
Laser ablation has been successfully used to deposit a wide range of materials
including dielectric 3, semiconductors, metals, and superconductors [2]. Pulsed-laser
ablation under vacuum gives film stoichometry close to the target maintaining its
unique advantage of relative simplicity, minimum of hardware, and safety by
comparison to photo-CVD [3] which requires various toxic gas sources. In addition
to this, modification in the composition of the deposit and formation of new
compounds have been achieved by working in a reactive atmosphere [4].
Laser ablation, both in air and in vacuum, refers to rapid thermal melting and /
or evaporation of materials by firing a high power UV laser with little chemistry
involved. The main objective of this approach is that materials to be removed from
the appropriate region of the target sample as efficiently as possible. In fact, the
most desirable aspect of this operation is the ability to localize annealing or surface
treatment. The aim of this process is to introduce the appropriate amount of energy
into the sample in order to melt and evaporate right amount of materials to achieve
the required pattern or structure, or the both.

1

2

The high mass ablation rate of the material depends on the favorable performance
in two areas of laser-plasma interaction physics: first, obtaining the highest
absorption rate, and second, minimizing the generation of supra theinial electrons.
This, in turn, has been found to be sensitive to the characteristics of the incident
laser pulse. Absorption, on the other hand, as a measure of mass ablation efficiency,
is found to be related with the laser intensity, the pulse duration , and the
wavelength [5].
A large body of experimental work on pulsed laser ablation and annealing of
silicon surfaces has been done to find different threshold energy fluences for
heating the substrate, for annealing and damaging the sample, and for plasma
formation and getting the absorption spectra for silicon particle clouds. Different
time-resolved (TR. ) techniques have been used to indicate the effects of intense
picosecond or nanosecond pulsed-laser irradiation of silicon. In order to clarify the
nature of fast phase transitions already mentioned, such as pulsed-laser annealing
and explosive crystallization , it is important to study both electronic and geometric
structures of I-Si [6]. The appearance of spontaneous periodic surface structures, or
ripples have been studied to know the final effect of the pulsed-laser ablation.
Pulsed-laser annealing of silicon has been done at various wavelength, mostly
in the range between 248 and 1064 nm [7]. Some experimental findings are
presented here to quantify the energy and time dependence of annealing process and
to determine the energy density range within which annealing takes place. In the
range I, from 0 up to 0.17 J/cm2 , the sample is just heated, not annealed. In the
range II, from 0.17 to 1 J/cm2 , annealing takes place. Range III, above 1 J/cm2, is
the damaging range. In range III, sharp line structures appear in the absorption
spectra above the L II,III edge, between 110 and 150 eV, and the L 11111 edge shifts
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to higher energies, compared to the edge position for the un-irradiated foil ( 110
eV, instead of 100 eV) [8].
The emission of the particles - as Si atoms, or as small sized clusters and/or as
Si ions - from the surface depends on the energy density of the laser used. However,
the size of the clusters is approximately 5 to 10 atoms per cluster. Depending on the
particle production two distinguishable energy density regions are found. Actually
these two regions are the subdivision of the range III . In the low-energy density
region, liquid clusters (droplets) are emitted from the surface due to the thermal
strain of the superheated subsurface layer and in the high -energy density region the
plasma is formed, which emits electrons and subsequently ions by the repulsive
Coulomb force. The neutral atoms are emitted from the interface of these two
regions [9]. According to the work of H. Van Burg et al. [8] following results
were achieved : at 3.5 J/cm2 most emitted particles were large sized clusters
(droplets ) and neutral Si atoms. At 6.0 J/cm2 there were small clusters, Si atoms,
and Si 1+ ions. At 14 J/cm2 ionized silicon upto Si 4+ were detected. And with even
higher energy-density Si5+ were found.
The appearance of surface ripples and changes in the morphology due to the
irradiation of picosecond or nanosecond pulse lasers has already been reported [7].
Morphology change or surface damage has been found to occur at the irradiated
area as a result of melting and subsequent crystallization [10]. Young et al. [11]
have reported that surface ripples perpendicular to the polarization of the radiation
with spacing of approximately the laser wave length can be achieved at laser
fluences just above the melting threshold. This generation of the ripple pattern has
been attributed to interference between scattered surface waves and the incident
polarized laser radiation. At higher fluences, other effects associated with non
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uniform melting, rapid solidification, sputtering, and evaporation appear to govern
the damage process.
Calorimetric, acoustic, and morphological studies done by Gorodetsky et al
[7] of silicon

have reported the following findings : (a) The calorimetric

measurements suggest that there is no effect of the optica1 reflectivity change on
entering the molten phase, nor any loss of energy due to subsequent fast re
solidification to an amorphous phase, (b) there is a large enhancement of the
acoustic signal at the damage threshold due to large volume change on melting, (c)
the surface damage morphology indicates the evidence of both standing acoustic and
capillary waves.
In the first part of the thesis, we have indicated the depth profile of silicon,
both p-type and n-type, surfaces ablated by an excimer laser (X = 248 nm ) as a
function of number of pulses, and have found that the depth of the profile varies
almost linearly with the number of pulses pulses. We have also demonstrated that
the background illumination He-Ne ( X= 633 nm ) has virtually no effect on the
ablation efficiency of the excimer laser. Melting, evaporation, and rapid solidification
of the melt have also been reported.
Laser-induced chemical processing has suggested its use for basic
improvements in the conventional fabrication technology and, even more important,
for the fabrication of new forms of micro structures, devices, and integrated
circuits (IC's). Laser-chemical processing has demonstrated its superior ability of
performing the four basic ingredients of IC fabrication - growth, deposition,
etching, and doping. Unusual results obtained with laser processing has suggested it
as a novel device. Three areas will be presented here to demonstrate the practical
laser-based application.

5

First, laser chemical processing has successfully been used to repair reticles for
photolithographic patterning [12]. In photolithiographic masks two types of defects,
transparency (absence of metallization) and opacity (presence of excess
metallization) have been identified. Laser deposition and laser ablation can correct
the defects- transparency and opacity respectively. Second, laser-induced chemical
processing has been used to fabricate components for opto-electronic devices from
compound semiconductors [13]. Currently most of the laser-enhanced chemical
processings have been directed towards the fabrication of Bragg distributed feedback (DFB) elements for diode lasers. Third, focused laser chemistry has
rendered more flexibility in direct writing than existing methods, such as electron
beam writing in photoresist, electron- or laser-beam latching of transistors.
Laser-induced chemical processings can be categorized as : low-temperature
processing, maskless patterning, and beam-controlled anisotropy on the basis of
their unique capabilities. Low temperature processing is extremely important where
slight dimensional changes due to temperature rise can deteriorate the device
performance. Laser processing can minimize heating by confining laser beam to a
small spatial region, and dissociating a molecule efficiently by direct absorption, via
a process known as multiphoton absorption [ 14, 15]. Laser chemical processing
can generate pattern on the substrate surface without any need of masking, and
can do so only in one step. In any standard planer processing, patterning of a doped
region on a semiconductor wafer is a complex process involving as many as ten or
more steps. Maskless writing of doped, etched, and deposited lines is an entirely
new processing capabilities [1]. Laser beam processing can be anisotropic;
independent of crystal orientation. Laser processing anisotropy arises from two
phenomena : (a) non linearity in process rate with high local light intensity, (b) wave
guiding of the laser beam by the patterned , etched surface.
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Laser chemical processing is effected by two processes determined by wavelength
and bandwidth. The first approach, known as photolytic process, is a direct,
nonthermal interaction of the laser photons with the electronic structure of the
material through single or multiphoton excitation. The second approach, known as
pyrolytic process, refers to a state of non equilibrium . In this approach the laser
acts as a directed heat source, either on the solid materials directly, or indirectly via
a local surface, to produce a near thermal distribution of the excited species. In laser
chemical processing, the end product in either case is to 'dissociate the molecular
precursors to form the final products , such as a dopant or etchant species. The
whole excitation process and the dissociation process are controlled spatially to
confine material and thermal diffusion.
Laser-induced etching, on the basis of electron-hole pair generation, of
semiconductor can be effected by three methods. The first method is photochemical
etching under anodic polarization. The etching rate, with n-type semiconductor
electrodes in the limiting current regime, is controlled by the availability of holes.
Illumination serves as additional source of holes, so illuminated areas dissolve faster
than non illuminated areas. The second one is the illumination of a semiconductor in
a non oxidizing solution without any external biasing. Non uniform illumination
produces difference in the surface potential and minority carrier concentration. The
illuminated regions, in n-type semiconductors, act as local anodes and are dissolved,
whereas the nonilluminated areas act as local cathode; therefore reduces oxygen and
produces hydrogen. The third method is the illumination of a semiconductor in an
oxidizing solution without any external biasing. The etch rate is limited by the supply
of minority carriers. However, the etching occurs in both the illuminated and
nonilluminated areas . But an accelerated etching rate is observed in the illuminated
areas.
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Etching reactions occur in several steps and the dissolution rate depends upon the
nature of rate limiting step of the etching process. The rate-limiting step can be
activation controlled or can be mass transport controlled. When the rate of the
reaction is determined by the chemical activity of the species involved, then the
process is said to be reaction limited or activation controlled. On the other hand, if
the rate is controlled by the speed at which etchant and reception products are
transported from one place to the other, then the reaction is said to be diffusionlimited or mass-limited etching.
The etching reaction is favorable in one direction of the crystal than the other.
The anisotropy arises due to the difference in the surface activity of the different
crystal planes. As for example, the etching rate of GaAs in H2SO4 H202 :H20: :
8: 1: 1 solution is 0.8 micron/min for the (111) A face and 1.5 micron/ min for all
other faces [16]. Wet-chemical laser etching can produce vertical, high-aspect
features that are required in the fabrication of advanced electronic, electrooptical,
and micromechanical devices. The vertical etching can avoid the undercutting of the
adjacent structures as demanded by modern integrated circuits of close spacing.
The third dimension of a semiconductor is currently being investigated as a means
of providing additional interconnections from the front to the back of the wafer.
This very intention stems from three basic goals : to reduce the length of
connections between devices for faster processing rate; to reduce the interference
and crosstalk between interconnections; and to reduce the area occupied by
interconnections on the surface of the semiconductor wafer [17].
Etching rate and / or time has been found to be dependent on the laser
intensity, concentration of the etching solution, temperature, grating spacing, and
the external biasing of the thin-film cell. H. Grebel et al. [18] have shown that in a
liquid-phase thin-film cell configuration a minimum etching time can be achieved
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with an optimum electrolyte concentration and a given laser intensity. In the article,
it has also been reported that as the laser intensity increases , an apparent saturation
of the etching time is achieved. Application of an externa1 potential biasing can
reduce the etching time substantially if the etchant concentration is relatively low.
Turner et al. [19] have reported that laser-induced etching rate can increase by a
factor of two for a modest 10°C increase in the temperature. In fact, the laser acts as
a localized heat source which thermally activates the reaction. Finally, for smallerspacing gratings, i.e.,

5 1- p.m etching rate decreases due to the lateral carrier

diffusion on the surface.
Grating depth profile has been found to be dependent upon the grating
spacing. Podlesnik et al. [20 ] have reported that the higher the grating spacing the
higher the groove depth for a particular etching time. The aspect ratio increases as
the grating spacing increases. For submicron grating spacings, the aspect (depth-tospacing) ratio was found to be 0.2 and with grating spacings > 1-µm, the aspect ratio
was found to exceed 0.4; and the ratio was 0.8 for grating of 2-p.m.
Podlesnik et al. [20] and S. Ida et al. [21] have found out the reasons and
explanations for different types of groove profiles. They believe that after the
grooves attain a specific surface morphology, the photogenerted holes diffuse
spatially such that a constant etching rate at each point of the the groove profile is
maintained. Although the unmodulated etching continues at a constant rate, yet the
groove profile does not change. The profile of the grating grooves depends on the
details of the carrier movement within the semiconductor, the relative magnitude of
the dark versus light-enhanced etching rate, and the anisotropy in the etching
process. Generally, gratings with spacings > 1µm had a sinusoidal profile due a
linear dependency between etching rate and light distribution on the surface. On the
other hand, submicrometer grating shows a deviation from simple sinusoidal profile
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and exhibits a cusped profile. This sort of groove profile has generated due to local
variations in the hole drift caused by photoinduced electric fields, both normal and
transverse to the surface. The second type of groove profile, the blazed grating can
be accomplished by tilting the substrate. The deviation from right angle represents
the blazed angle. The tilting of the substrate in conjunction with the continuous dark
etching produces a clear, blazed profile. The profile can be triangular or cusped
depending on the relative magnitude of the uniform and light-enhanced etching rate.
The third type, the impulse profile can be achieved using a solution of 10 times
higher H202 content than the normal solution H202: H2SO4: H20 = 1:1:100 and a
laser power density of 1 kW/cm2 . Extremely fast etching rate under this condition
produces this type of anisotropic profile.
In the second part of this thesis, we have studied the excimer ( = 248 nm)
laser-induced wet chemical etching of p-type and n-type of Si (100) both in KOHH2 0 and in HF : HNO3 : H20 solution systems. We have reported the depth of the
etched profiles with the variation of number of pulses. We have also reported the
effect of background illumination of He-Ne ( λ = 633 nm ) laser on the etching
efficiency of the excimer laser. We have established that secondary illumination has
an enhanced effect on the etching reaction contradictory to the findings of Willner
et al. [22].
Metal/semiconductor interface is an important subject in microelectronic
technology because every semiconductor device needs the interface to communicate
with other circuits. There is an urgent need to improve the quality of ohomic
contacts as well as Schottky contacts for better performance of high-speed as well
as optoelectronic devices [23]. In devices where the electrical characteristics of the
Schottky diodes govern the device performance, it is important to find a metal with
a high barrier height, excellent ideality factor, metallurgical stability and a fabrication
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process which is reproducible. In the third part of this thesis, we have demonstrated
that by simply patterning the surface of the semiconductor before making the
metal/semiconductor contacts the barrier height can be decreased increased. This
achievement might obviate the stringent need to get a unique metal for
metal/semiconductor contacts.
Generally, most of the useful properties of a p-n junction can be exploited by
simply making a suitable metal/semiconductor contact. This metal/semiconductor
contact can be rectifying ( Schottky barrier ) or may be nonrectifying ( ohmic
contact). A Schottky-barrier is formed when an n-type semiconductor makes a
contact with a metal having a larger work function or a p-type semiconductor
makes a contact with a metal having a smaller work function [24]. A Schottky
barrier is rectifying because it allows easy flow of current in the forward direction
and little current in the reverse direction. The current transport in this type of
contact is mainly due to the injection of majority carriers from semiconductor into
the metal. On the other hand, an ohmic contact is non-rectifying because it has no
tendency to rectify signals and allows easy flow of current in the either direction.
In the last part of the thesis, we have demonstrated the effect of patterning on
the electrical properties of the metal/semiconductor contacts. We have made pattern
on the front surface of p-type Si (100) and then we have put Al-contact on it in the
form of a thin film by the technique of the metal-vapor deposition. On the back side
of Si the contact with Al was followed by laser annealing. The effect of periodicity
and depth of the patterning on the metal/semiconductor contact have been
presented here. The difference in the barrier heights due to patterning have been
explained carefully.

CHAPTER 2
THEORY

2.1 Laser Ablation in Air
2.1.1 Basic Concepts of Laser Ablation
The basis of interaction of the materials with a laser beam is that the electromagnetic
energy of the laser is converted first into electronic excitation and then into thermal,
chemical and mechanical energy. The interaction ultimately changes the electronic
structure as well as the shape of the materials in different ways [25].

2.1.2 Absorption of Laser Light
The efficient performance of laser ablation I fusion applications requires favorable
performance in two areas: first, obtaining the highest absorption rate, and second ,
minimizing the generation of suprathermal electrons. However, it turns out that
absorption is the most critical step in laser processing. The absorption increases
when the laser intensity increases, absorption increases when the pulse duration
increases, and absorption increases when the wavelength decreases [5]. These facts
again can be interpreted by reflection and absorption coefficients that virtually
determine the amount of beam power absorbed within the material. Figure 2.1
shows the absorption coefficient and the reflectance as a function of wavelength
for crystalline Si (Eg = 1.1 eV at room temperature, corresponding to X, = 1.13
micron) [24]. Crystalline silicon exhibits the essential features-the absorption peaks
appear around 10 µm due to phonon coupling, weak absorption at intermediate
wavelengths and a steep increase in absorption as the photon energy approaches the
band gap.
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Corresponding to Figure 2.1, it can be noted that the absorption coefficient of Si
increases with decreasing laser wave-length only gradually near 1.13µm ( hω = 1.1
eV), but rather abruptly near 0.36 p.m ( hω = 3.4 eV ). This difference exhibited in
Si can be interpreted by two different types of interband transitions. Figure 2.2
shows these transitions [25]. In the first kind, the transition between the valenceband and conduction-band occurs at the same wave-vector, known as direct
transition. Such transition is possible in Si only at photon energies exceeding its
direct gap at 3.4 eV. The second kind of transition, the indirect transition, involves
valence - and conduction- band states of different wave vector. The difference in the
wave vector is provided by a phonon, as photon itself carries little momentum. The
probability of such transitions depends on the phonon occupancy and is relatively
small and temperature dependent [25].

2.1.3 Laser Induced Heating
The primary effect of absorbed laser light is not heat but particle excess energyexcitation energy of bound electrons, kinetic energy of free electrons, and excess
phonon. Once energy has been coupled into the carrier system, it must be
redistributed among the other carriers. The distribution of the ordered and localized
primary excitation energy into uniform heat takes place into three steps. The first
step is spatial and temporal randomization of the motion of the excited particles,
proceeding with collision time of the particles. This time is even shorter than the
duration of the shortest pulsed lasers. The second step, energy equipartition, tends
to involve a large number of elementary collisions. Several energy transfer
mechanisms can be traced, each involving its own characteristic time constant. For
example, for hot carriers in nonmetals, the time constant for energy distribution by
phonon emission in the conduction band is different from that of the time constant
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Figure 2.1 Reflectance and absorption coefficients as a function of wavelength for
the crystalline silicon. ( ref. [24] ).

Figure 2.2 Direct and indirect transitions in semiconductors; (a) direct transition
with accompanying photon emission; (b) indirect transition via a defect level.
(ref [25])
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by recombination. The third step is the heat flow stage. Once the laser energy is
converted to heat it still remains to be highly localized on a macroscopic level. The
one-dimensional heat-flow equation can be used to interpret this heat-conduction
phenomenon. However, the scattering processes are extremely rapid. The lattice
may be heated up by rapid phonon scattering instantaneously as a consequence of
direct irradiation by intense laser beams.

2.1.4 Laser Induced Melting and Evaporation
It is very difficult to estimate the power required to achieve a desired processing
temperature because of the large nonlinearities associated with laser heat of silicon.
However, it is not difficult to determine if melting or evaporation occurs by the
experiment. Thus, the power of incident laser beam can be determined. Gorodetsky
et al. [7] have already reported that melting of silicon is evident at the lowest energy
density, which is well above the melting threshold of

o.13 J/cm2 for silicon with

ArF excimer laser irradiation. However, measurable ablation has not occurred
below a threshold energy density of
density of
density

1.3 J/cm2 , which corresponds to a power

7.2 x 107 W/cm2 for an 18 ns laser pulse duration and to a power

of ≈ 9.3 x 107 W/ cm2 for a 14 ns ArF laser pulse.

Poprawe et al. [27] have already characterized three different mechanisms for
material removal depending on the incident laser intensity. At power densities
sufficient to liquefy the material, but below the vaporization threshold , material is
removed at very low rates according to the vapor pressure above the liquid. If the
energy density is above the vaporization threshold, a dense vapor develops above
the surface. Initially ionization due to multiphoton processes rapidly converts the
vapor into plasma. Finally this plasma becomes dense enough so that further
absorption is dominated by inverse bremsstrahlung. As the energy density in plasma
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increases and pressure waves propagating to the surface become sufficiently large,
then rapid expulsion of materials occur from the liquefied zone. These shock waves
are called laser supported combustion waves (LSC waves) and are accompanied by
pressure of several hundred bar. The result is a rapid increase in material removal
rate with increasing laser intensity. At still higher laser intensities, the plasma
becomes so dense that absorption occurs almost entirely in a small zone confined to
the top of plasma causing explosive heating of the region, thereby initiating laser
supported detonation waves (LSD waves). Due to inefficient coupling between laser
energy and the surface the ablation rate does not increase linearly with increasing
laser intensity.

2.2 Laser Induced Electrochemical Etching
2.2.1 Basic Concept of Light Induced Etching
Laser-induced etching of semiconductors is electrochemical in nature. It is a
process in which the material is converted into a soluble compound [28]. The PEC
etching involves three steps: the generation of photoinduced carriers, reaction of the
carriers with the ionic species of the electrolyte at the interface of
semiconductor/electrolyte leading to the formation of oxides, and the dissolution of
the oxides into the electrolyte and their transport away from the surface [29].

2.2.2 Development of the Semiconductor/Electrolyte Interface
When a semiconductor is brought in contact with an electrolyte, band bending
occurs due to the energy differences in the Fermi level. In equilibrium, without laser
irradiation, the Fermi level of the semiconductor must match the Fermi/redox level
of the electrolyte and the vacuum levels of the two must be continuous. As a result,
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the semiconductor bands will be bent upwards or downwards, depending on
whether the semiconductor is n- or p-type. This is shown in Figure 2.3.

2.2.3 Chemistry of Etching in Solutions
Any etching process, involves oxidation-reduction reactions, and is followed by
dissolution of the oxidation products. An example in this regard will clarify the
whole process. The semiconductor is converted to a higher oxidation state at a
localized anodic site by the reaction :

Where M° represents the semiconductor material, and Mn+ its oxidation product.
The oxidation reaction requires n holes for its execution. Reduction reaction occurs
simultaneously at a localized cathodic site, and is accompanied by consumption of
electrons :

where N° represents the oxidation and Nn- is its reduced state. The overall reaction,
which is charge neutral , is given by :

Unless there is any external biasing, it is very hard to locate anode or cathode. But
in most of the cases etching done under biasing.

2.2.4 Effect of Illumination on Charge Transfer
The illumination of semiconductor surfaces by photons above the bandgap can lead
to the chemical reaction when the sample is immersed in a solution. Electron-hole
pairs are created in the semiconductor which then separate in the space charge
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(depletion) layer of the semiconductor created by the semiconductor-electrolyte
interface; the charge carriers are injected into the semiconductor-electrolyte
interface to drive oxidation or reduction reaction [ 30]. Williams and Nozik [ 31]
have approximated the region of the semiconductor-electrolyte interface as a
semiconductor heterojunction and focused attention on the irreversibilities
associated with minority charge carrier injection. The irreversibility

due to

photoinjection into the electrolyte arises from the strong electronic-vibrational
interaction in the electrolyte. Figure 2.3 shows the band diagram in this case.
Due to irradiation of KrF laser on silicon thin-film cell configuration, carrier
transport across the interface of the semiconductor/electrolyte occurs. Silicon, in our
case, is oxidized into a higher oxidation state by the reaction :

The oxidation reaction requires two holes for its execution. The primary oxidizing
species in semiconductor etching is OH' which is the dissociation product of water:

The Si2+ in Eq 2.5 combines with OH' to give

which subsequently liberates hydrogen to form SiO2 :
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Figure 2.3 Energy band diagrams between (a) a semiconductor and an electrolyte
showing non-equilibrium; (b) a n-type Si(100) and an electrolyte under illumination
showing equilibrium; (c) a p-type Si(100) and an electrolyte under illumination
showing equilibrium. [ The charge carriers flow under illumination with band-gap
radiation is indicated].
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Hydrofluoric acid/ potassium hydroxide is used to dissolve Si02 . The reaction is :

Where H2 SiF6 is soluble in water.

2.3 Periodic Pattering
2.3.1 Concept of Periodic Pattering and Diffraction Grating
'Periodic patterning' induced on the semiconductor surface by laser-aided chemical
etching can be best elucidated by the basic concept of diffraction grating. Two
equal-intensity laser beams with incident

angle 2ϕi intersecting on the

semiconductor surface can form the grating with period A [32]

where λ is the wavelength of the incident laser beam and n is the refractive index of
air. The concept of phase grating might throw more light on the understanding of
periodic patterning.
A phase grating can be defined by the reflectance function [33, 34] :

where
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The parameter m is the modulation coefficient, it represents the peak-to-peak
excursion delay, n is the refractive index of the electrolyte, ϕi and or the incident
and reflected angle of the monitoring beam and K = 2π/λ . The function mf ( Kx)
represent the real profile of the grating and λ. is the wave vector of the pattern.
The reflectance function of a sinusoidal phase grating can be defined as:
r(x) = exp [ j m sin (Kx)] and the field strength in the Fraunhofer diffraction pattern
can be written as the Fourier transform of the reflectance function :

where c is a constant Which depends on the wavelength of the measuring source
and the distance from the recording medium, and Jq is the Bessel function of the
qth order . The grating efficiency of the qth order can be represented as :

where Iq is the intensity of the qth diffracted mode, and Ioo is the specular reflection.
The position of the qth diffracted order can be presented by :

where ϕq is the qth order diffracted angle.
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In general a periodic function with

It is assumed that each diffraction mode is fully separated. The coefficients Cq can
be found from the intensity of the diffracted order :

The exact profile depth can be found by measuring the intensity of the first order
light intensity diffraction from an ideal sinusoidal etched pattern and defining the
etching efficiency :

where K= 27f/1 is the wave number of the wave pattern and k = 2 is the wave
number of the optical beam. The first-order intensity is normalized by the reflected
specular beam prior to reaction. The normalized coefficient Co is the order of unity.
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2.4 Metal/Semiconductor Contact
When a metal is making a contact with a semiconductor, a barrier will be formed at
the metal-semiconductor interface [ 35]. This barrier can be either rectifying or
nonrectifying. Schottky suggested that rectifying behavior could arise from a
potential barrier generated as an effect of stable charges in the semiconductor. Then
current can flow easily only in one directional very little in the other direction. This
model is known as the Schottky barrier. On the other hand, ohmic contact is
nonrectifying; that is to say, there is a little resistance to the current flow in the
either direction.
When a metal makes a contact with a semiconductor two things happen. First,
the Fermi levels in the two materials must be equal at thermal equilibrium. Second,
the vacuum level must be continuous [26]. These two requirements ultimately
determine the energy band diagram of the metal-semiconductor contact. Figure2.4
shows the energy-band diagrams of metal-semiconductor contacts.
The barrier height qϕBn (for a n-type semiconductor) is the difference
between metal work function and the electron affinity of the semiconductor :

On the other hand, the barrier height for a contact between a metal and
semiconductor is :
Here Eg is the bandgap of the semiconductor; qϕm, is
the work function of the metal, defined as the energy difference between the Fermi
level and vacuum level ;
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Figure 2.4 The formation of a Schottky barrier between (a) n-type semiconductor
with a metal with a larger work function; (b) p-type semiconductor and a metal
having a smaller work function.
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qx is the electron affinity, defined as the energy difference between the conduction
band edge and the vacuum level in the semiconductor, schematically shown in
Figure 2.4 Therefore, for a given semiconductor and for any metal, the sum of the
barrier heights on n-type and p-type substrates is expected to be equal to the
bandgap

CHAPTER 3
EXPERIMENTS

3.1 System Set-up for
Laser-Aided Interaction with Silicon Surface
3.1.1 System Set-up
The system for laser ablation and laser- induced chemical etching involves the set-up
of an excimer laser as an etching beam, and a He-Ne laser as a secondary,
background light source. The set up is shown schematically in Figure 3.1. The
UV-light ( λ=248 nm, power of about 0.25 W at a repetition rate of 10 Hz) from
the excimer laser first passes through a focusing system composing of two
cylindrical lenses which account to each excimer laser beam axis. Then the laser
light passes through a collimating spherical lens and focusing cylindrical lens which
finally translates the laser light to fall as a line on the sample. The sample is put on a
stage capable of moving back and forth, up or down. The laser light can be incident
perpendicularly or obliquely with respect to the surface of the substrate. The back
and forth movement of the translational stage can be controlled both manually and
automatically, whereas the up and down movement is done manually. The vertical
movement is not done as often once the image of the line has been focused. The set
up for the secondary light source is also shown in the Figure 3.1. The light from the
He-Ne laser passes through a neutral filter and then incident on a sample by the use
of a mirror. The circular neutral density filter controls the power of the He-Ne laser
incident on the sample. The variation of power is linearly related to the angular
position of the meter with respect to the incident beam. By moving the translation
stage sequentially, a periodic grating structure is obtained by the etching process
induced by the excimer laser beam.
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Figure 3.1 Schematic showing t he system set- up for laser-induced patterning.
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The set up for optically monitoring the grating profile is shown in Figure 3.2. A
monitoring He-Ne laser light which is allowed to incident on the grating and the
intensities of the diffracted beams are then measured. The profile is calculated
based on the intensity of the diffraction modes.

3.1.2. The Laser System
The lasers that have been used in our experiments are KrF excimer laser and He-Ne
helium-neon laser. The KrF excimer laser (Lamda Physik EMG 102 MSC) has been
used as an etching system with a wavelength of 248 nm, pulse duration of about 10
ns, and average output power of 0.25 W at a repetition rate of 10 Hz. The main
advantages of this type of a pulsed-laser is its high power favorable for rapid and
high material removal rate that have already been discussed. The disadvantages that
are generally encountered are: damages of the substrate surface structure, and
appearances of the ripple pattern. The main limitation, though, of the excimer laser
is the difficulty involved in focusing due to its relatively poor coherence; the output
of an excimer laser is highly multimodal and contains as many as 105 transverse
modes.
Helium-neon laser was used as a secondary light source and was also used
as a probe beam to measure the grating depth profile. The He-Ne was a continuous
wave (CW) laser. It was operated at a power level of about 5 mW.

3.2 Material Preparation
3.2.1. Surface Treatment
Single crystal wafers of both n-type and p-type silicon(100) were used in the
experiments. The dopant concentration was approximately 1016 /cm3. Both the
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surfaces of the wafers mirror-polished by a chemico-mechanical method, so that no
further treatment of this type was necessary.
Contamination of the surface is not desirable. The surface of the specimen was
treated before the laser processing. Some experiments though were performed
without passivating the silicon surfaces with hydrofluoric acid. We have found that
similar results have been obtained for treated and non treated Si samples. In our
experiments, the following steps were used to create a flat and damage-free surface:
I . Polish in Bromine-methanol ( Br : CH OH = 1: 99 by vol. ) for 1 minute.
2
3
2. Rinse with methanol for 30 seconds.
3. Wash in distilled, de ionized water for 30 seconds.
4. Etch in dilute hydrofluoric acid ( HF (48%) : H 0 = 1: 9 by vol. ) for 30 seconds.
2
5.Wash in deionized water for 30 seconds.
6. Air blow-dry immediately.

3.2.2. Electrolytes
The concentration of the electrolyte is an important parameter in determining the
etching rate. Two typical electrolytes were used. One is orientation-dependent
etchant, KOH : H O, with a ratio of 1 : 20 by volume. The other is a solution of
2
HF : HNO : H 0 with a volume ratio of 2 :3 :100. Both aqueous solutions were of
3
2
sufficient dilution to cause little or no dark etching were present. The irradiation
with the ultraviolet laser might increase the temperature of the substrate. However,
no modest increase in temperature has been observed . So, the solution was at
normal room temperature.
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3.3. Laser Ablation
3.3.1. Laser Ablation in Air
A set of experiments was carried out to generate a pattern on silicon surfaces by
focusing an excimer laser beam . Both n-type and p-type silicon(100) were used to
demonstrate the laser ablation in air. In order to get high aspect ratio features, the
laser beam was focused on the surface of the substrate by carefully adjusting the
position of the sample. Periodic pattering has been achieved by moving the
substrate sequentially in a perpendicular direction to the etching line profile, one
step at a time. The depth profiles were generated by varying the number of pulses of
an excimer laser. A separate set of experiments was also carried out by using the
He-Ne laser simultaneously with the excimer laser to demonstrate its effect as a
background light source on the etching rate.

3.3.2 Thin-Film Cell Configuration
A small quantity of the electrolyte solution was dropped on a treated specimen
surface by a neutralization pipette. A quartz cover plate ( 22 mm x 22 mm x 0.18
mm) was then put on the specimen and was held by capillary action. Quartz was
used as a cover glass because of its low absorption coefficient in the wavelength of
the ablating laser. The cell was then patterned under the illumination of the focused
laser beam. The configuration, which is also called a thin-film cell configuration is
shown in Figure 3.3.
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Figure 3.2 Schematic showing arrangements for the diffraction mode measurement.

Figure 3.3 Schematic showing the PEC thin-film cell configuration.
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3.4. Measurement of Groove Profiles
3.4.1. Techniques for the Measurements
Four methods were used to monitor the profile of the surface patterns. These were:
the alpha-step recorder measurement, optical microscopy, diffraction modes
measurements, and scanning electron microscopy.
In the early stage of our experiments, we tried to measure the groove
configurations by an optical microscope and by an alpha-step recorder. We found
both of them incapable to measure the profile appropriately. The magnification and
resolution attained by the optical microscope was too low for the real effect to be
detected. In case of the alpha-step recorder, we found the tip of the needle that
runs across the patterned surface to measure the profile depth was too big. We
finally chose the electron microscopy technique as well as light diffraction
measurement technique to measure the pattern depth profile.
3.4.1 Diffraction Modes Measurement
We measured all of the diffraction mode intensity and calculated the grating depth
by Fourier Analysis explained in section 2.2.4. The arrangement of the diffraction
mode measurement is shown in Figure 3.2. A weak probe beam of He-Ne with
wavelength 633 nm was used as a incident light source. The intensity of the
diffracted light from the flat, clean, and unetched surface, I00, was measured first to
normalize the diffraction modes of the etched grating. The incident angle was
chosen as ϕi The measuring plane was a perpendicular surface with a distance d
from the sample. The distance between each two diffraction modes was also
measured. The photo detector was placed on a 3-D translator to adjust the position
of the each mode.
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3.5 Metal-Semiconductor Contact Preparation
Aluminum was deposited on silicon surface to form a Schottky-barrier contact. The
ohmic contact was prepared by putting aluminum on the back side of the wafer
followed by laser annealing. They were cleaned before any contact was prepared :
1. Clean in acetone for 5 minutes.
2. Wash in deionized water for 30 seconds.
3. Heat ( 800 C) in 10 % HCl for 10 minutes.
4. Wash in deionized water for 30 seconds.
5. Etch in dilute hydrofluoric acid ( 5 % vol. HF ) for 1 minute.
6. Wash in deionized water
7. Air-blow-dry immediately.

3.5.1. Schottky-Barrier and Ohmic Contact
The Schottky- contact was generated between aluminum and p-type silicon (100)
wafer, while the ohmic contact was made between aluminum and back side of the
silicon wafer followed by the laser treatment. The evaporation of Al was done in a
high vacuum system. The evaporation pressure was 2 * 10 E-5 torr. When each
deposition was completed, the samples were cooled down to room temperature in
the vacuum chamber to prevent oxidation. The laser annealing was done on the back
side of the wafer after the metal (aluminum) was deposited in order to get an ohmic
contact by reducing the barrier height.

3.5.2. Barrier Height Measurement of Metal/Semiconductor Contact
In our experiment we used the current-voltage technique to determine the barrier
height of metal-semiconductor contact. Because the current-voltage characteristics
are widely used to determine the saturation current (Is), the threshold voltage (Vth)
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and the Schottky barrier height (SBH) [23] The barrier height is most commonly
calculated from the saturation current (Is) which is determined by extrapolating the
forward I-V characteristics to zero applied voltage. The current axis intercept for
the straight line portion of the semi-log plot at V= 0 is given by Is. The barrier
height ϕB is calculated according to [36]

The barrier height so determined is ϕB for zero bias. Where as saturation current Is
is given by : [36]

Where A** is the Richardson's Constant. Its value for silicon is 120 A /cm2 K2.

CHAPTER 4
EXPERIMENTAL RESULTS

4.1 The Grating Groove Profiles
4.1.1. The Grating Profile Due to Ab100ation in Air
The surface patterning induced on silicon surfaces were fabricated with the system
set-up shown in Figure 3.1. The depth and periodicity of the grating profiles of
silicon surfaces were largely measured by a scanning electron microscope (SEM).
The first-order light diffraction intensity measurement technique was used to verify
the findings obtained by the SEM.
Figures 4.1 to 4.3 show the scanning electron micrographs of the groove
profiles of a n-type Si (100) ablated with • the KrF laser (λ = 248 nm ) with
different number of pulses in air with a laser power of 0.25 watt at a repetition rate
of 10 Hz. The silicon was used in as is condition for these experiments. Figure 4.4
shows the groove depth vs. the number of pulses of the incident excimer laser beam
on n-type silicon (100) surfaces.
Figures 4.5 to 4.7 show the scanning electron micrographs of the groove
profiles of p-type Si (100) ablated with the KrF 1aser ( λ = 248 nm ) under different
number of pulses in air with a laser power of 0.25 watt on a repetition rate of 10
Hz. The silicon was used in as is condition for these experiments. Figure 4.8shows
the groove depth vs. the number of pulses of the incident excimer laser beam on ptype silicon (100) surfaces.
Figures 4.9 to 4.11 show the scanning e100ectron micrographs of the groove
profiles of p-type Si (100) ablated with the KrF laser ( λ = 248 nm ) with different
numbers of pulses in air with a laser power of 0.25 watt at a repetition rate of 10
Hz in presence of background illumination of He-Ne laser ( X= 633 nm) with a
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power of 5 mW. The silicon used in the experiments was in an as is condition.
Figure 4.12 shows the depth profile of the grooves vs. the number of pulses of the
incident excimer laser beam on a p-type silicon in presence of a secondary light of
a 5 mW He-Ne ( X, = 633 nm) laser with a power of 5 mW.
Figures 4.13 to 4.17 show the scanning electron micrographs of the groove
profiles of n-type Si (100) ablated with the KrF 1aser ( λ = 248 nm) with different
numbers of pulses in air with a laser power of 0.25 watt at a repetition rate of 10
Hz. The silicon was treated described in the section 3.2.1 for these experiments.
Figure 4.18 shows the groove depth vs. the number of pulses of the incident
excimer laser beam on n-type silicon (100) surfaces.

4.1.2. The Grating Profile Due to Wet Chemica100 Etching
Figures 4.19 to 4.23 show the scanning electron micrographs of the groove profiles
of p-type Si (100) etched with the KrF laser (

λ = 248 nm) in KOH : H20 = 1 :

20 solution. The laser power was 0.25 watt on a repetition rate of 10 Hz in
presence of different background illuminations ( i.e., 0, 1.25, 2.50, 3.75, and 5 watts
respectively). The patterns were engraved on the silicon with 30 laser pulses. For
the wet chemical-etching the same experimental set up as Figure 3.1 was used. In
addition, a liquid-phase thin-film cell configuration was made. Figure 4.24 shows
the groove depth vs. the intensity of background illuminations for a p-type Si
(100)/KOH : H20 system.
Figures 4.25 to 4.29 show the scanning electron micrographs of the groove
profiles of n-type Si (100) etched with the KrF laser ( λ = 248 nm) in KOH : H20
= I : 20 solution. The laser power was 0.25 watt at a repetition rate of 10 Hz in the
presence of different background illuminations ( i.e., 0, 1.25, 2.50, 3.75, and 5 watts
respectively). The patterns were engraved on the silicon surface with 30 pulses of
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the excimer laser irradiated on the surfaces. For the wet chemical-etching the same
experimental set up was used. In addition to this, a liquid-phase thin-film cell
configuration was made. Figure 4.30 shows the groove depth vs. the intensity of
background illuminations for the n-type Si (100)/KOH : H20 system.
Figures 4.31 to 4.35 show the scanning electron micrographs of the groove
profiles of p-type Si (100) etched with the KrF laser (

λ= 248 nm) in HF : HNO3

: H20 = 2 : 3 : 100 solution. The laser power was 0.25 watt at a repetition rate of
10 Hz in presence of different background illuminations ( i.e., 0, 1.25, 2.50, 3.75,
and 5 watts). The patterns were engraved on the silicon surface with 30 pulses of
the excimer laser irradiated on the surfaces. For the wet chemical-etching the same
set up (as shown in the Figure 3.1) was used. In addition to this, a liquid-phase
thin-film cell configuration was made. Figure 4.36 shows the groove depth vs. the
intensity of background illuminations for the p-type Si (100)/ HF: HNO3 : H20
system. The silicon surfaces were used in the 'as it is' condition.
Figures 4.37 to 4.40 show the scanning electron micrographs of the groove
profiles of n-type Si (100) etched with the KrF laser ( λ = 248 nm) in KOH: H20
= 1 : 20 solution. The laser power was 0.25 watt at a repetition rate of 10 Hz in
presence of different background illuminations ( i.e., 0, 1.25, 3.75, and 5 watts).
The patterns were engraved on the silicon with 20 pulses of the excimer laser
irradiated on the surfaces. For the wet chemical-etching the same set up (as shown
in the Figure 3.1) was used. In addition to this, a liquid-phase thin-film cell
configuration was made. Figure 4.41 shows the groove depth vs. the intensity of
background illuminations for the n-type Si (100)/ KOH : H20 system. The silicon
surfaces were used in the as it is condition.
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4.2 Grating Depth Evaluation by Diffraction Measurement Technique
The results of the measurements of the grating profiles by use of first-order light
diffraction intensity measurement technique are presented here. The detail of the
measurement technique has been presented in the section 3.4.1. Tables 4.1 to 4.5
represent the data obtained from the sample numbers 1 to 10. The measured
diffraction modes have been presented as intensity measurement data.
Table 4.1 represents the data for samples 1 and 2 fabricated by only 1 pulse
of the excimer laser per groove for p-type Si (100)/KOH : H20 system without
any background light. Table 4.2 represents the data for samples 3 and 4 fabricated
by only 1 pulse per groove by the excimer laser for p-type Si (100)/KOH : H20
system with a background light of 1.25 mW. Table 4.3 represents the data for
samples 5 and 6 fabricated by only 1 pulse per groove by the excimer laser for ptype Si (100)/KOH : H20 system with a background light of 2.5 mW. Table 4.4
represents the data for samples 7 and 8 fabricated by only 1 pulse_ per groove by
the excimer laser for p-type Si (100)/KOH : H20 system with a background light of
3.75 mW. Table 4.5 represents the data for samples 9 and 10 fabricated by only 1
pulse per groove by the excimer laser for p-type Si (100)/KOH : H2O system with a
background light of 5 mW.
Fig. 4.42 shows the grating groove depth vs. the total background light for
the p-type Si(100)/ KOH : H20 system. Only 1 pulse per groove was used to induce
the pattern. The groove depth was measured by the light diffraction intensity
measurement technique as described in section 3.4.1.
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4.2.1. The Analysis of Grating Profile
The theory of the grating profile was discussed in section 2.3. The real grating
profile can be found by assuming :
1. The pattern and intensity of the diffraction modes are symmetrical, meaning I _1 =I I+1, I- 2 = I+2 and so on.
2. The signs of the phases are chosen in accordance to the sign of the appropriate
of the Bessels functions.
3. The depth of the etching profile can be found out using the Eq. 2.11.

4.3 Barrier Height Measurement
The method of determination of the barrier height was presented in section 3.5.2.
Here the results of the calculations for barrier heights for metal-semiconductor
contacts will be presented. Table 4.6 shows all the calculated barrier heights
accompanied by their corresponding junction areas and saturation currents both on
the pattered and flat surfaces, the depth and periodicity of the patterns on which the
metal-semiconductor contacts were made.
Figures 4.43 to 4.47 show the forward current-voltage (I-V) characteristics
of Al /p-type Si (100) contacts both on patterned and flat surfaces. Figure 4.43
shows the I-V characteristics for the Al /P-type Si (100) contacts both on the
patterned

( periodicity

15µm and depth

15 nm ) and flat surfaces.

Contact areas for flat and patterned areas are 3.14 x 10-2 and 4.14 x 10-2 cm2
respectively of the sample number 1.
Figure 4.44 shows the I-V characteristics for the Al /P-type Si (100) contacts
both on the patterned ( periodicity 15µm and depth

25 nm) and flat surfaces.

39

Contact areas for f100at and patterned areas are 3.14 x 10-2 and 4.14 x 10-2 cm2
respectively for the sample number 2.
Figure 4.45 shows the I-V characteristics for the Al /P-type Si (100) contacts
both on the patterned ( periodicity 125m and depth

5µm) and f100at surfaces.

Contact areas for both the cases are 0.7854 x 10-2 cm2 for the sample number 3.
Figure 4.46 shows the I-V characteristics for the Al /P-type Si (100) contacts
both on the patterned ( periodicity 250 µm and depth

5 p.m ) and flat surfaces.

Contact areas for both the cases are 0.7854 x 10-2 cm2 for the sample number 4.
Figure 4.47 shows the I-V characteristics for the Al /P-type Si (100)
contacts both on the patterned ( periodicity 375 m and depth

5m) and f100at

surfaces. Contact areas for both the cases are 3.14 x 10-2 cm2 for the sample
number 5.
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Figure 4.1 Scanning electron micrograph showing the groove profile of a n-type
Si(100) surface ablated with the KrF laser ( X. =248 nm) beam in air. [ 10 pulses per
groove were used to induce this pattern].

Figure 4.2 Scanning electron micrograph showing the groove profile of a n-type
Si(100) surface ablated with the KrF laser ( =248 nm) beam in air. [ 20 pulses per
groove were used to induce this pattern].
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Figure 4.3 Scanning electron micrograph showing the groove profile of a n-type
Si(100) surface ablated with the KrF laser ( X =248 nm) beam in air. [ 30 pulses per
groove were used to induce this pattern].
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Figure 4.4 The grating depth profile versus the number of pulses of the incident
excimer laser (λ =248 nm) beam on a n-type Si (100) surface.[ The points were
evaluated by SEM measurements].
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Figure 4.5 Scanning electron micrograph showing the groove profile of a p-type
Si(100) surface ablated with the KrF laser ( X =248 nm) beam in air. [ 10 pulses per
groove were used to induce this pattern].
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Figure 4.6 Scanning electron micrograph showing the groove profile of a p-type
Si(100) surface ablated with the KrF laser ( X =248 nm) beam in air. [ 20 pulses per
groove were used to induce this pattern).
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Figure 4.7 Scanning electron micrograph showing the groove profi100e of a p-type
Si(100) surface ablated with the KrF laser ( X =248 nm) beam in air. [ 30 pulses per
groove were used to induce this pattern].
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Figure 4.8 The grating depth profile versus the number of pulses of the incident
excimer laser (X =248 nm) beam irradiated on a p-type Si (100) surface in air.[ The
points were evaluated by SEM measurements].
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Figure 4.9 Scanning e100ectron micrograph showing the groove profile of a p-type
Si(100) surface ab100ated with the KrF laser ( λ = 248nm ) beam in air in presence of a
background light source, HeNe laser ( X.= 633 nm). [ 10 pulses of the excimer laser
beam per groove were used to induce this pattern).
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Figure 4. 1 0 Scanning e100ectron micrograph showing the groove profile of a p-type
Si(100) surface ablated with the KrF laser ( X = 248nm ) beam in air in presence of a
background light source, HeNe laser ( X= 633 nm). [ 20 pulses of the excimer laser
beam per groove were used to do this pattern].
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Figure 4.11 Scanning electron micrograph showing the groove profile of a p-type
Si(100) surface ablated with the KrF laser ( A. = 248nm ) beam in air in presence of a
background light source, HeNe laser ( λ= 633 nm). [ 30 pulses of the excimer laser
beam per groove were used to do this pattern].
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Figure 4.12 The grating depth profile versus the number of pulses of the incident
excimer laser (X =248 nm) beam on irradiated on a p-type Si (100) surface in presence
of a background light source, HeNe laser ( X= 248 nm ) beam in air [ The points were
evaluated by SEM measurements].
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Figure 4.13 Scanning electron micrograph showing the groove profile of a n-type
Si(100) surface ablated with the KrF laser ( X =248 nm ) beam in air. [ 50 pulses per
groove were used to induce this pattern].
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Figure 4.14 Scanning electron micrograph showing the groove profile of a n-type
Si(100) surface ablated with the KrF laser ( X, =248 nm ) beam in air. [100 pulses per
groove were used to induce this pattern].
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Figure 4.15 Scanning electron micrograph showing the groove profile of a n-type
Si(100) surface ablated with the KrF laser ( X =248 nm ) beam in air. [150 pulses per
groove were used to induce this pattern].
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Figure 4.16 Scanning electron micrograph showing the groove profile of a n-type
Si(100) surface ablated with the KrF laser ( X =248 nm ) beam in air. [200 pulses per
groove were used to create this pattern].
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Figure 4.17 Scanning electron micrograph showing the groove profile of a n-type
Si(100) surface ablated with the KrF laser ( X. =248 nm ) beam in air. [250 pulses per
groove were used to create this pattern].
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Figure 4.18 The grating depth profile versus the number of pulses of the incident
excimer laser (λ =248 nm) beam on a n-type Si (100) surface.[ The points were
evaluated by SEM measurements].
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Figure 4.19 Scanning e100ectron micrograph of the etched pattern induced on a p-type
Si (100) surface in a thin-film cell configuration in a KOH : H20 : : 1 : 20 solution.
[ 30 pulses of the excimer laser were used to induce this pattern].
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Figure 4.20 Scanning electron micrograph of the etched pattern induced on a p-type
Si (100) surface in a thin-film cell configuration in a KOH : H20 : : 1 : 20 solution in
presence of background illumination of 1.25 mW. [ 30 pulses of the excimer laser were
used to induce this pattern].
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Figure 4.21 Scanning electron micrograph of the etched pattern induced on a p-type
Si (100) surface in a thin-film cell configuration in a KOH : H20 : : 1 : 20 solution in
presence of background illumination of 2.50 mW. [ 30 pulses of the excimer laser were
used to induce this pattern].
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Figure 4.22 Scanning electron micrograph of the etched pattern induced on a p-type
Si (100) surface in a thin-film cell configuration in a KOH : H20 : : 1 : 20 so100ution in
presence of background illumination of 3.75 mW. [ 30 pulses of the excimer laser were
used to induce this pattern].
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Figure 4.23 Scanning electron micrograph of the etched pattern induced on a p-type
Si (100) surface in a thin-film ce100l configuration in a KOH : H20 : : 1 : 20 solution in
presence of background illumination of 5.00 mW. [ 30 pulses of the excimer laser were
used to induce this pattern].
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Figure 4.24 The grating depth profile versus total background illumination for the
p-type Si (100)/ KOH H2 0 system. [ The points were evaluated by the
SEM measurements; 30 pulses of the excimer laser were used to induce the pattern].
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Figure 4.25 Scanning electron micrograph of the etched pattern induced on a n-type
Si (100) surface in a thin-film cell configuration in a KOH : H20 : : 1 : 20 so100ution.
[ 30 pulses of the excimer laser were used to induce this pattern].
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Figure 4.26 Scanning electron micrograph of the etched pattern induced on a n-type
Si (100) surface in a thin-film cell configuration in a KOH : H20 : : 1 : 20 solution in
presence of background illumination of 1.25 mW. [ 30 pulses of the excimer laser were
used to induce this pattern].
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Figure 4.27 Scanning electron micrograph of the etched pattern induced on a n-type
Si (100) surface in a thin-film cell configuration in a KOH : H20 : : 1 : 20 solution in
presence of background illumination of 2.50 mW. [ 30 pulses of the excimer laser were
used to induce this pattern].
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Figure 4.28 Scanning electron micrograph of the etched pattern induced on a n-type
Si (100) surface in a thin-film cell configuration in a KOH : H2O : : 1 : 20 solution in
presence of background illumination of 3.75 mW. [ 30 pulses of the excimer laser were
used to induce this pattern].
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Figure 4.29 Scanning electron micrograph of the etched pattern induced on a n-type
Si (100) surface in a thin-film cell configuration in a KOH : H20 : : 1 : 20 solution in
presence of background illumination of 5.00 mW. [ 30 pulses of the excimer laser were
used to induce this pattern).

69

Figure 4.30 The grating depth profile versus total background illumination for the
n-type Si (100)/ KOH : H20 system. [ The points were evaluated by the SEM
measurements ; 30 pulses of the excimer laser were used to induce the pattern].
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Figure 4.31 Scanning electron micrograph of the etched pattern induced on a p-type
Si (100) surface in a thin-film cell configuration in a HF : HNO3 : H20 : : 2 : 3 : 100
solution without any background illumination. [ 30 pu100ses of the excimer laser were
used to induce this pattern].
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Figure 4.32 Scanning electron micrograph of the etched pattern induced on a p-type
Si (100) surface in a thin-film cell configuration in a HF : HNO3 : H20 : : 2 : 3 : 100
solution with background illumination of 1.25 mW. [ 30 pulses of the excimer laser
were used to induce this pattern].

Figure 4.33 Scanning electron micrograph of the etched pattern induced on a p-type
Si (100) surface in a thin-film ce100l configuration in a BF : HNO3 : H20 : : 2 : 3 : 100
solution with background illumination of 2.50 mW. [ 30 pulses of the excimer laser
were used to induce this pattern].
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Figure 4.34 Scanning electron micrograph of the etched pattern induced on a p-type
Si (100) surface in a thin-film cell configuration in a HF : HNO3 : H20 : : 2 : 3 : 100
solution with a background illumination of 3.75 mW. [ 30 pulses of the excimer laser
were used to induce this pattern].
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Figure 4.35 Scanning electron micrograph of the etched pattern induced on a p-type
Si (100) surface in a thin-film cell configuration in a BF : HNO3 : H2O : : 2 : 3 : 100
solution with background illumination of 5.00 mW. [ 30 pulses of the excimer laser
were used to induce this pattern].
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Figure 4.36 The grating depth profile versus the total background illumination for the
p-type Si(100)/HF : HNO3 :H20 system. [ The points were evaluated by the SEM
measurements ; 30 pulses of the excimer laser were used to induce the pattern].
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Figure 4.37 Scanning electron micrograph of the etched pattern induced on a n-type
Si (100) surface in a thin-film cell configuration in a KOH : H2 0 : : 1 : 20 so100ution
without any background illumination. [ 20 pulses of the excimer laser were used to
induce this pattern].
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Figure 4.38 Scanning electron micrograph of the etched pattern induced on a n-type
Si (100) surface in a thin-film cell configuration in a KOH : H20 : : 1 : 20 solution with
a background illumination of 1.25 mW. [ 20 pu100ses of the excimer laser were used to
induce this pattern).
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Figure 4.39 Scanning e100ectron micrograph of the etched pattern induced on a n-type
Si (100) surface in a thin-film cell configuration in a KOH : H20 : : 1 : 20 solution with
a background illumination of 3.75 mW. [ 20 pulses of the excimer laser were used to
induce this pattern].

Fig. 4.40 Scanning electron micrograph of the etched pattern induced on a n-type
Si (100) surface in a thin-film cell configuration in a KOH : H20 : : 1 : 20 so100ution with
a background illumination of 5.00 mW. [ 20 pulses of the excimer laser were used to
induce this pattern].
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Figure 4.41 The grating depth profile versus the total background illumination for the
n-type Si (100)/ KOH : H2 0 system. [ The points were evaluated by the SEM
measurements ; 20 pulses of the excimer laser were used to induce the pattern].
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Table 4.1 Light Diffraction Intensity Measurement Data from Grooves of Samples 1
and 2. ( The incident angle of of the probe beam HeNe ( λ = 633 nm ) is 17. 31° and
the measurement distance [ d ] is 265 mm ).

SAMPLE

I

2

PERIOD

15 µm

15 µm

0. 4750

0. 4750

I+3

X ( mm)
5.00

Intensity
0.0024

Intensity
0.0040

I+2

6.50

0.0050

0.0072

I+1

8.00

0.0119

0.0124

I0

9.00

0.4250

0.4260

I-1

10.50

0.0112

0.0112

11.50

0.0062

0.0065

13.00

0.0045

0.0020

I00

I-2
I-3
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Table 4.2 Light Diffraction Intensity Measurement Data from Grooves of Samples 3
and 4. ( The incident angle ϕi of the probe beam HeNe ( λ = 633 nm ) is 17. 31° and
the measurement distance [ d ] is 265 mm ).

SAMPLE

1

2

PERIOD

15 p.m

15 m

I00

0. 4750

0. 4750

I+3

X ( mm)
5.00

Intensity
0.0045

Intensity
0.0060

I+2

6.50

0.0091

0.0083

I+1

8.00

0.0192

0.0154

I0
I-1

9.00

0.4161

0.4249

10.50

0.0302

0.0186

I-2

12.00

0.0111

0.0068

I-3

13.50

0.0056

0.0032
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Table 4.3 Light Diffraction Intensity Measurement Data from Grooves of Samples 5
and 6. (The incident angle of of the probe beam HeNe ( λ = 633 nm ) is 17. 31° and the
measurement distance [ d ] is 265 mm ).

SAMPLE

1

2

PERIOD

15 µm

15 µm

0. 4780

0. 4770

X ( mm)
4.50

Intensity
0.0072

Intensity
0.0045

6.00

0.0091

0.0095

7.50

0.0192

0.0140

8.50

0.4161

0.4175

9.50

0.0302

0.0210

11.00

0.0111

0.0080

13.00

0.0056

0.0039

0

I

I+3

I+2
I+1
I0
I-1
I-2

I-3
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Tab 4.4 Light Diffraction Intensity Measurement Data from Grooves of Samples 7 and
8. (The incident angle of of the probe beam HeNe ( λ = 633 nm ) is 17. 31° and the
measurement distance [ d ] is 265 mm ).

1

SAMPLE

1

PERIOD

15 m

15 m

I00

0. 4780

0. 4770

Intensity
• 0.0064

Intensity
0.0082

2

I+3

X ( mm )
5.00

I+2

6.50

0.0095

0.0115

I+1
I0

8.00

0.0285

0.0275

9.00

0.3960

0.3850

I-1

10.00

0.0239

0.0265

11.50

0.0150

0.0085

13.00

0.0040

0.0069

I-2
I-3
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Tab 4.5 Light Diffraction Intensity Measurement Data from Grooves of Samples 9 and
10. (The incident angle of of the probe beam HeNe (λ = 633 nm ) is 17. 31° and the
measurement distance [ d ] is 265 mm ).

SAMPLE

1

2

PERIOD

15 µm

15 µm

I00

0. 4750

0. 4750

X ( mm)
5.50

Intensity

Intensity
0.0105

I+3
I+2
I+1

7.00

0.0212

0.0150

8.50

0.0315

0.0301

I0

9.50

0.3846

0.3620

I-1

10.50

0.0310

0.0286

12.00

0.0071

0.0115

13.50

0.0038

0.0090

I-2

I-3
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Figure 4. 42 The grating depth profile versus total background illumination for the
p-type Si (100)/ KOH : H2O system. [ The points were evaluated by the light
diffraction measurement technique ; only 1 pulse of the excimer laser was used to
induce the pattern].

Figu re 4.43 Forwa rd current-voltage ( I-V ) characteristics of Al/ p -type S i ( 100)
contacts both on t he patterned andfla t su rfaces of t he sample nu mber 1.
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Figu re 4.44Forward current-voltage ( I-V ) characteristics of Al/ p-type S i ( 100)
contacts both on t he patterned and fla t su rfaces of the sample nu mber 2.
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Figu re 4.45Forward cu rrent-voltage ( I-V ) cha racteristics of Al/ 1)-type S i ( 100)
contacts bot h on t he patterne d a nd flat surfaces of the sample nu mber 3.
89

Figu re 4.46 Forward current-voltage ( I-V ) characterist ics of Al/ p-type S i ( 100)
contacts both on t he patterned andfla t su rfaces of the sa mple number 4.
90

Figure 4.47Forward current-voltage ( I-V ) characterist ics of Al/ p-type Si ( 1 00)
contacts both on t he patterned andfla t surfa ces of t he sample nu mber 5.
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Table 4.6 Metal-Semiconductor Barrier Height Determination.

Sample
Number

1

Contact Areas
(cm2 )
a. flat area
b.patterned area

4

15

15

25

125

5000

b. 5.50 x 10-9
b. 368 x 10-9
a. 8.25 x 10-9

250

5000

b. 2.71 x 10-9
a. 9.26 x 10-9

a. 3.14 x 10-2
b. 3.14 x 10-2

b. 3.60x 10-9
a. 7.25 x 10-9
a. 75.0 x 10-9

a. 0.785 x 10-2
b. 0.785 x 10-2

5

a. 18.70 x 10-9
15

a. 0.785 x 10-2
b. 0.785x 10-2

Sasuration
Current
(A I cm2 )
a. f100at area
b. patterned area

a. 3.14 x 10-2
b. 4.44 x 10-2

3

Depth
(nm)

a. 3.14 x 10-2
b. 4.44 x 10-2

2.

period
(m)

375

5000

b. 51.40 x 10-9

Barrier
Height
(V)
a. f100at
area
b.patternarea
a. 0.79
b. 0.84
a. 0.81
b. 0.83
a. 0.71
b. 0.68
a. 0.77
b. 0.74
a. 0.80
b. 0.76

CHAPTER 5

DISCUSSION

In this thesis, we have demonstrated that the depth of an ablated profile of silicon
induced by an excimer laser ( X =248 nm, and power 0.25 watt with a repetition
rate of 10 Hz) in air varies linearly with the number of pulses of the irradiated beam.
This data can be interpreted as silicon ablation rate (m/ pulse) Vs the energy density
( J / cm2). We note that the periodic surface corrugation can be produced without
having any mask or using any holographic technique.
We have also demonstrated the effect of a secondary light source, He-Ne
laser,

( λ = 633 nm, and power 5 mW of a spot size of 1 mm diameter) on the

ablation rate of the silicon effected by the excimer laser. We have reported that a
secondary light source has virtually no effect on the ablation rate in air. This
demonstrates that there is no coupling effect between the ultraviolet, excimer laser
and the infra-red, He-Ne laser at the energy indicated.
In this thesis, we have demonstrated that a wet-chemical etching technique
( for both the Si (100)/ KOH : H20 and Si (100)/ HF: HNO3 : H20 systems) is a
more effective method of mass removal rate than the air ablation method. In this
thesis, we have emphasized the importance of the use of an additional light source to
affect the etching rate. We have established the fact that the secondary light source,
He-Ne laser ( λ = 633 nm and power 5 mW of a spot size of 1 mm diameter)
increases the etching rate induced by the etching beam. We have established that fact
for both the Si (100)/ KOH : H20 and Si (100)/ HF : HNO3 : H20 systems. We have
obtained the same trend of the results both for the n-type and p-type silicon. Silicon
sample in an 'as is' condition as well as treated surface condition demonstrates the
same trend. All the analyses of the patternings mentioned here have been done by the

93

94

scanning electron microscope (SEM). Finally, we have verified the fact that the
background light increases the etching rate by light diffraction technique for n-type
Si(100)/ KOH :H20 system.
Our experimental findings contradicts the findings of Willner et al. [22]. They
have established their results for the n-InP/ HF : H2 0 and a CW laser system.
According to their results, a secondary light source reduces the surface potential,
which in turn decreases the etching efficiency induced by the photo-generated
carriers. In their model they have assumed that the voltage drop occurs on100y across
the semiconductor surface depletion layer and no voltage drop occurs across the
Helmholtz layer. Willner et al. have established the fact that etch rate decreases
rapidly with low secondary light intensity ( i.e., at around 0.3 mW) and then
saturates as the controller light is increased (i.e., at around 2.5 mW). We believe that
background light also takes part with the etching beam in the generation of holeelectron pairs in a thin-film cell configuration. The enhanced etching rate in presence
of background illumination is probably due to a better UV coupling with the silicon
surface. We note that we have used the pulsed excimer laser, not the Continuous
Wave doubled argon laser as used by Willner et al.
In our thesis, we have demonstrated that surface patterning has a pronounced
effect on the barrier height of the metal-semiconductor contact. We have reported the
patterning effect on the barrier height by varying the depth and periodicity of the
groove profiles on silicon surfaces. The metal-semiconductor barrier height can be
increased by producing very shallow

15-25 nm ) and short pitch ( 15 µm ) surface

patterning. The barrier heights of the contacts on patterned surface are higher than
those made on the flat surfaces. But the interesting fact is that the barrier heights of
the metal-semiconductor contacts were greatly reduced compared to those on the
flat surfaces when the periodicity ( i.e., 125, 250, and 375 - m) and

95

the depth ( e.g., 5

) of the grating profiles have been increased. Barrier height

decrease may be attributed to the sharp structures in the surface relief. We note that
the increase in the area owing to the relief has been taken into account in the
calculations.

CHAPTER 6

CONCLUSION

We have produced periodic surface structures using the Ultraviolet excimer laser
both in air and liquid phases. We have studied a thin-film cell configuration for the
laser-aided electrochemical etching and investigated the grating profiles under
different conditions.
We have reported the use of a secondary light source as background
illumination as an etch enhancement source. The study of the surface corrugation by
the scanning electron micrographs has made it obvious to us that the secondary light
source enhance the etching rate. We have unequivocally verified this fact by
measuring the grating profile using the light diffraction intensity measurement
technique.
We have also reported that periodic surface patterning of the semiconductor
for metal-semiconductor contacts affects the potential barrier height. The
corrugations on silicon wafers generally decreased the barrier height of metalsemiconductor contacts as measured by the current-voltage ( I-V ) method.
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